Abstract. In order to improve the covertness of radar embedded communication based on the eigenvalue decomposition radar embedded communication waveform design scheme, a new waveform design scheme that combines the idea of shaped design is constructed. In this paper, the background and concept of radar embedded communication are introduced in detail. Three existing waveform design schemes are analyzed. Using de-correlation filter receivers, a weighted waveform design scheme for shaped non-dominant subspace feature vectors is constructed and analyzed. The communication covertness and reliability is illustrated. Both the theoretical analysis and the simulation show that this scheme improves the covertness of communication.
proposed by the water filling principle [4] . D. Ciuonzo used the Pareto theory to discuss the mutually contradictory indicators of reliable communication and covertness of radar embedded communication [5] , and continued to use the multi-objective optimization theory to further the two metrics [6] . The paper proposed the use of sparse frequency methods for waveform design in [7] . The paper combined CPM and PCFM to embed communication signals into radar signals in [8] .
Waveform design scheme based on eigenvalue decomposition
When analyzing the radar signal, the tag will oversample the received radar detection signal, assuming that the Nyquist sampled radar waveform has a time-bandwidth product N and is oversampled at 
One of the desirable properties of the waveforms is to make them naturally dependent or similar to backscatter, so it can be concealed using radar backscattering. Therefore, the strategy of the waveform design is to use the eigenspace of the radar reflection to maintain the correlation with the clutter. The eigenvalue decomposition of S is performed before the waveform is constructed: The current three radar-embedded communication waveform design scheme use eigenvalue decomposition as means: non-dominant eigenvectors as communication waveforms(EAW), dominant projection waveforms(DP) , and weighted-combing waveforms(WC) will be discussed in the next chapter, the analysis of the first two schemes is as follows.
Eigenvectors as communication waveforms (EAW)
In order to facilitate the cooperative receiver to detect the communication signal sent by the tag, the waveforms should be orthogonal to each other, and the eigenvectors are orthogonal to each other. Therefore, eigenvectors are directly used as communication waveforms. The waveforms designed by this method are also orthogonal to each other. Therefore, the non-dominant eigenvectors in ND V are directly used as communication waveforms:
In order to minimize radar interference, the eigenvectors corresponding to the first K smallest eigenvalues are selected. These eigenvectors originate from a non-dominant subspace, which makes the difference between the communication waveforms and the radar waveforms maximized. This ensures that the cooperative receiver can quickly extract the communication waveform. This waveform scheme has high communication reliability. In turn, it will also make it easier for the interceptor to detect and identify the communication waveforms. Fig. 2 shows the EAW waveform and radar waveform spectrum. It can be seen that the EAW waveform has a sharp peak in the frequency spectrum, making the communication waveform easy to intercept. 
Dominant projection (DP)
The previous communication waveform design scheme EAW operates on non-dominant eigenvectors. Now orthogonal projection is used to process the dominant subspace to generate a projection matrix 1
, which we also call it hidden matrix P . Then the projection matrix 1 P is multiplied by a random column vector 1 d known by both the tag and the cooperating 
Get a new projection matrix 2 P again, in order to remove the effect of the previous waveform: c P d = (9) The above process is cycled K times to obtain radar embedded communication symbols and K DP waveforms are obtained. The DP waveform spectrum is showed in Fig.3 .
According to the spectrum diagram, after introducing the concept of the projection matrix, the communication waveform is closer to the noise in the stopband, and the power of the radar embedded waveform received is lower than the power of the radar backscatter, so the backscatter can be used to ensure greater covertness. As discussed in the previous chapter, EAW uses the eigenvectors in non-dominant subspace directly as the communication waveform, and there will be a obvious peak on the spectrum diagram, leading to poor covertness. In order to enhance the covertness of communication waveforms, WC waveform design adopts all nondominant subspace eigenvectors to design waveforms. Adopting all the non-dominant subspace eigenvectors will make the radar waveform and communication waveform more similar, and the covertness is greater compared with EAW, which will make the interceptor more difficult to detect and recognize. Fig.4 shows the WC waveform and radar waveform spectrum.
Fig4. Spectrum of radar backscatter and WC waveform

Shaped weighted-combing (SWC)
The above waveform design scheme considers only the eigenvectors but does not consider the eigenvalues. The shaped waveform design scheme starts from the eigenvalues. The eigenvalues are based on the sum of the noise and clutter of each eigenchannel, and the spectrum is covered by the communication symbols. At the same time, the spectral components in the stopband of the radar signal can be imitated more closely. Therefore, the scheme of shaped waveforms is adopted. The eigenvalue matrix ND  is integrated into the waveform design scheme:
ND
 cannot be used directly in waveform design. We consider ND  to give different powers for discussion because ND  is a non-dominant subspace eigenvalue matrix .It is a part of the  eigenvalue matrix, and the  eigenvalue plot is shown in Fig.5 . is the identity matrix, and the SWC is the same as the WC. When 0.5 m  , the spectrum of the communication waveform is gradually submerged under the radar waveform, resulting in the communication waveform being difficult to be reliably received by the cooperative receiver, and the communication reliability is poor, as shown in Fig.6 and Fig. 7 . When 0.25 m = the communication waveform is not overwhelmed by the radar waveform and the performance is ideal, as shown in Figure 8 . 
Communication Reliability
Radar embedded communication waveforms only involve the decision process of the communication waveform. They do not involve waveform symbol mapping, use the existing signal-to-noise ratio SIR (communication signal to ambient noise ratio) and signalto-noise ratio SCR (communication signal power and radar backscatter power ratio), we use the receiver's symbol error rate(SER) to measure the reliability of communications.
In [2] , it has been proved that the decorrelation filter has better reception performance than the matched filter. Therefore, in the measurement of communication reliability, this paper uses a decorrelation filter as an example for analysis.
Build the filter as follows:
In the above formula, MAX  is the maximum nondominant eigenvalue, and I is the identity matrix. The decision uses the filter k w in place of k c , and performs correlation calculation processing with the filter and the received signal to obtain the most relevant waveform as the determination waveform, then the communication symbol is obtained .
For the decorrelation filter, the symbol error rates for the above four communication waveforms are shown in the figure. The simulation uses the main space size 100 L = , the sampling points 100 N = , the oversampling ratio 2 c M = , and the simulation uses 6 10 in the Monte Carlo method, the channel used is Gaussian white noise channel. The simulation results are shown in Fig.10 .
According to the simulation image, the SER performance EAW of the four radar embedded waveform design schemes is greater than WC, DP and SWC. 
Communication covertness
In the previous section, the SER simulation results of four types of waveforms are discussed, which can quantitatively reflect the communication reliability of these four types of waveforms. In this section, we will discuss the communication covertness of each waveform design scheme, the measure of the low probability of interception (LPI). Because intra-pulse radar embedded communications operate by inserting a communication waveform within or around the spectrum occupied by radar backscatter.So the classical concept of intercept probability based on spectral energy content measurements no longer applies.
Reference [2] proposes to combine the prediction waveform z with the communication waveform k c and use the correlation coefficient corr to quantify communication covertness. Although the evaluation metric does not directly determine the probability of interception, it can be used to infer whether the interceptor can intercept communication waveforms. The higher the correlation coefficient, the more likely it is to intercept radar embedded waveforms, and conversely the smaller the probability of interception. 
The receiver does not know the size of the nondominant subspace L that constitutes the hidden matrix during the waveform design process. First, the size of the non-dominant space need to be predicted, and then the hidden matrix j P can be constructed.
After the interceptor receives the signal r through the hidden matrix, the predicted waveform z is obtained. 
After the prediction waveform z is obtained, the number of simulation sampling points is 100 N = , 2 c M = , the non-dominant subspace L space size is 100 L = , SCR=-35dB, SNR=0dB, and the correlation coefficient graph is obtained after matlab simulation. The simulation results are shown in Fig.11 . Through the simulation graph, we can see that the EAW directly uses the non-dominant subpace eigenvectors as the communication waveform to obtain a correlation coefficient close to 1, indicating that the EAW does not have covertness, which is consistent with the theoretical analysis results. The correlation coefficients of WC, DP, and SWC are all relatively low, and the highest point appears near L=100. The correlation coefficient curve of SWC is the lowest and is always lower than 0.2, so it can be concluded that the LPI performance of SWC waveform is better than that of WC and DP.
Conclusions
Both theoretical analysis and experimental simulations show that using the design scheme of shaping and introducing the non-dominant subspaces eigenvalues diagonal matrix into the waveform design scheme can significantly improve the covertness of radar embedded communication waveforms. A new waveform design scheme called shaped weighted combing (SWC)is constructed. This waveform design scheme has greatly improved covertness compared to other three waveform design methods, and the waveform design scheme is simple and easy to implement, and the price paid is the reduction of communication reliability, if the communication reliability is appropriately improved. We can consider the direct-spread-spectrum method proposed in [3] to improve communication reliability.
